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Routes to failure in rotating MEMS devices experiencing sliding friction
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ABSTRACT

Gear systems rotating on hubs have been operat¢
to failure using Sandia’s microengine as the actuatiol
device. Conventional failure modes such as fatigue
induced fracture did not occur, indicating that the
devices are mechanically extremely robust. The generi
route to failure observed for all rotating devices involves
sticking of structures that are in sliding contact. This
sticking evidently results from microscopic changes in
the sliding surfaces during operation. The rate at whicl
these changes occur is accelerated by excessive appli
forces, which originate from non-optimized designs or
inappropriate drive voltages. Precursors to failure ar
observed, enabling further understanding of the
microscopic changes that occur in the sliding surface
that ultimately lead to failure.
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. . . Fig. 2. The microengine pinion gear (top) actuates a
rotating devices, MEMS failure modes mechanical locking device. To actuate the lock, the pin

(bottom) must successfully navigate the groved maze in the

1. INTRODUCTION wheel as the wheel rotates.

Many technologically significant MEMS devices
contain elements that rotate on a hub. For example,
positionable mirrors (Fig.1), mechanical locks (Fig. 2)
and optical encoders (Fig. 3) are driven by
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Fig. 1. The microengine pinion gear (right) powers a torquerig, 3. The microengine pinion gear (bottom left) actuates the
convertor, consisting of a series of multilevel rotating gearsyotating optical encoder wheel.
by

The torque convertor actuates an out-of-plane mirror
pushing a linear rack.




electrostatically actuated microengines developed at

Sandia National Laboratoriés The output drive gear

of the microengine rotates on a hub, as does the primary
lock disk, the optical encoder disk, and the torque-

conversion system connecting the engine to the mirror.
All these structures experience sliding friction as they

rotate (in contrast to harmonic side-drive rotating

structure&’ that experience rolling friction). Devices
based on these fundamental elements are anticipated °
be used in applications where reliability is of utmost
importance. Consequently, it is essential that failure
mechanisms associated with rotating devices
experiencing sliding friction be understood.

To investigate routes to failure, we designed anc
fabricated devices using Sandia’s Ultra-planar Multi-

level MEMS Technology (SUMMITi This 4-level Fig. 4. The microengine converts linear motion from

surface micromachining technology is comprised of Sgjectrostatic actuators to rotational motion. The rotating
levels of mechanical polysilicon and one level of pinion gear provides torque to actuate other rotating devices

electrical interconnect polysilicon. The resulting devices2s shown in Figs. 1-3.

were operated using model-based drive sighdfsand
the resulting performance measured using a strobe
based measurement system. This strobe system, simil

to that described by Freeman et 1al.performs
automated image acquisition and analysis to provide
precise time-dependent position measurements c
rotating devices during operation.

In this paper, we describe results of experiment:s
where rotating devices were operated to failure. Ir
addition to identifying the nature and origin of failures,
we also describe important ways that these devdoes
not fail.

2. TEST VEHICLE

The test vehicle used to investigate the failure oft':hig- 5i~n¢cf)‘ne”gg‘re ci)(?ﬁif&teiz%m It: tl:‘:g de}g‘:W;eigt F;% d4'cgllfér\gggn
rotating devices is the microengine, which is an purpgses_ 9 '
electrostatically driven actuator that converts linear
motion to rotational motion (see Fig. 4). The engine, via
the output gear, is capable of delivering torque to a loaccy 3000
The two orthogonal sets of comb drives actuate th
output gear through a set of linkages. A pin joint capabls
of 360° rotation connects the linkage arms to the gea
The fabrication of this engine has been describel

elsewherel3

To create the proper model-based drive signal:
with which to operate the engine, several calibratior
measurements are required. The restoring spring force A RN R S
given by F = ky, wherek is the spring constant and y is 0 5 10 15 20
the displacement from equilibrium. The electrostatic . .
force provided by the comb drives is given (for the ideal Displacement (microns)

2 ; ; ; Fig. 6. The experimental displacement of the comb drive as a
case) by F AV, where Vs the applied voltage aat function of the square of the applied voltage yields the ratio of

the electrostatic force constant. In equilibrium, ayZ, the electrostatic and spring force constés

slope = k/a = 140 Vzlpm
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or V2 = yk/a. Using an implementation of the engine & - 20K
where the pinion gear is omitted in the design (Fig. 5), g 360 B é@@&%
static position vs. voltage measurements were made. A &, 270 - 90° >§§<
can be seen by the data in Fig. 6, a plot 6fvd. y 8 : 270 .
results in a straight line as theoretically expected. Thez)’ 180 L 0
slope of the line ik/a = 140 \A/um. The comb drive ?CD - X
oriented orthogonally to this one yields similar results. <C g [
The final calibration measurement made was the -
resonant frequency of the comb drives. The resonan8 0 | |
frequency of the gearless engine shown in Fig. 5 wa: 05 1 15 5
experimentally measured to be 1.9 kHz. Knowing the Ti
resonant frequency and the ratéa is sufficient to 'm((aa)(ms)
create drive signals appropriate to properly operate the/\
microengine’ Forces associated with air damping have § 360 |-
been shown to be negligible compared to other forces @ i
relevant to the operation of the engine, and hence ar 8270 | X;ii B0
omitted® As will be discussed later, frictional forces 9, i x>< xX
will be found to play a significant role leading to the © 180 |- v S Xx X
failure of test devices. 2 X X X XXX xwxw X X x
< 90 |- K .
3. ROUTES TO FAILURE § j}%m e %
o L L L L I I I L L \X
3.1. Experiment I: Minimal Torque O 0 0.5 1 15 2
A microengine was operated at a speed of 30 00( Time (ms)
revolutions per minute (rpm) using model-based drive (b)

signals. A minimal torque of ~ 1ONt-um was applied _ _

to operate the engine; the output gear would not rotateld- 7. Measured gear angle vs. time a) at the beginning o
| ith less torque. The position of the out utoperatlon and b) after 4.2 million revolutions (superimposed

properly wi que. posi ! PUlon top of the data in (a)). The gear is exhibiting intermittent

gear was measured during operation using a strob@peration where it sticks at 135° and 270°. The inset in a)

based measurement system. Images were electronicafif)ows the measurement convention for angles.

recorded and digitally analyzed to yield the angular

" . i ) eriods of the drive signal, then spontaneously dislodge
position of the gear as a function of time. The time iS;y continue rotating. The strobe data for the first half
known to within 1pis, and the gear angle is measured ¢ o grive signal period (<1ms) clearly indicate the

Wllth'ln 1 degree (~ 0.02 radlans). Meqsur?ment eIMor3pparently random transitions between the stuck
ongmgte when the quratlon of the engine is ngt SmCtchonfiguration and the “normally” operating
periodic. Nonperiodicity may result in blurred images; ;i ration. The multivalued nature of the data simply
accurate position measurements cannot be made fropgicates that on some frames of the strobed image, the
such images. , ) , OIgear is stuck, and on other frames it is properly rotating.
When the engine was first started, it operatedyqisional sticking is observed at the 270° position.

relatively smoothly, as shown by the data in Fig. 7agaiic hehavior beyond 1.5 ms often resulted in blurred

Each data point results from a single digitally acquiréq,,qas which do not result in data points. As the engine
image. Deviation from approximately constant angular.oénied to operate, the frequency of sticking

speed is observed for the time spanning ~0.8ms 10 ~1.3,tinyed to increase, until it finally ceased to rotate.
ms (the rotational period is 2ms), where it abruptly We note that engines that failed in this manner

speeds up, and then slows down. The short line segmept, oy nically able to be easily restarted by the
is drawn to highlight this deviation from expected o, jication of drive signals that delivered more torque,
behavior. ) ) ... or by applying a slight nudge with a probe tip. However,

The operation of the engine degraded as additiongl\ ines' restarted in this manner would again quickly
revolutions accrued. Strobe data obtained after thg, iyt gegraded operation and would stick again. The
engine accrued approximately 4.2 million revolutions 'Sability to restart the devices suggests that the sliding

§hown_ in Fig..7b. As the enging rotated, it WOUIdsurfaces were somehow temporarily caught on a
intermittently stick at the 135° position for one or more



microscopic asperity that developed during operation.

It is very clear from data of the type shown in Fig. desired path when gear is attached to linkage

7 that the physical change that results in sticking is
related to the original anomaly impacting the uniformity \

of speed of rotation of the gear. The origin of this

anomaly was determined by operating the gearless tes
structure shown in Fig. 5. To verify the accuracy of the
model-based drive signals resulting from the calibration
parameters measured earlier, the linkage was operate
with drive signals intended to producepyd and 23m

measured
path at
smaller
diameters

diameter circular motion. The experimental data in Fig. E| E £
8a show that precisely the expected circular motion ~l @l S

results, and with the correct diameters. The gearlesy

engine was then operated with signals intended to

produce 3@m diameter circular motion, as is needed to

drive the output gear (the radius at which the pin joint (a)

connects the linkage to the gear igufj. The resulting

motion, shown in Fig. 8b, deviates drastically from the | A +y direction of
desired 3m diameter circular motion. % +X rotation

There are several observations to be madel —#
regarding the data in Fig. 8. As the linkage rotates
counterclockwise, at ~135° it is abruptly pulled in the
+y direction, where further motion in the +y direction is
constrained by mechanical stops associated with the
comb drives. While still clamped against the stops, the i

x

linkage is pulled in the -x direction, where it then
clamps in the -x direction. As the drive signals continue
to evolve with time, the -x comb drives unclamp, and the
linkage follows a very noisy trajectory past the 0°
position. Motion is as expected from the 90° position
through the 135° position.

This type of clamping behavior originates from b
deviations in the ideal force-voltage relationship of the (b)

actuating comb drives. Additional experiments showfig9- 8- &) Gearless test structure operated with model-based
drive signals results in desired round trajectories pfriand

that the relationship demonstrated in Fig. 6 deviategsg um diameters, as expected. b) When the diameter is
from linearity at a +y displacement of +8@. In extended to 34um as required for operation with the gear, the

particular, the electrostatic force becomes position_trajectory exhibits clamping and other erratic behavior.
dependent (similar to a parallel plate capacitor) for large
displacements due to fringing field effects at the end oflirection begins at the 135° position, as indicated by
the comb fingers. Rather than the comb drive being irFig. 8b. This excessive force accelerates the counter-
stable equilibrium, the fringing field causes the combclockwise rotating gear ahead of its normal constant-
drive to be forcibly pulled until it clamps against a speed trajectory, as shown by Fig. 7a. The complex
mechanical stop. Ideal control of the linkage is achievedorce history of the now-perturbed system also results in
except for large comb displacements where thighe gear coming to a complete stop at 270° before it
excessive parasitic force occurs. Once parasitic forcagcovers back to stable “normal” behavior (Fig. 7a).
perturb the engine drive system (clamping occurs)Primary sticking points of the engine develop at these
subsequent motion is perturbed until the system is ablgvo critical positions (Fig. 7b). The parasitic forces
to revert back to stable “normal’ behavior. This between rubbing surfaces (e.g. between the comb shuttle
typically occurs when the comb drive voltages dropand alignment guides, and between the gear and hub)
below critical un-clamping voltages. apparently cause some type of physical change in the
There is clear correlation between the motion ofrubbing surfaces, leading to the observed intermittent
the unconstrained (gearless) engine and the stickingticking, and ultimately to failure.
points of a degraded engine. Excessive force in the +y

x

34 ym

XXX DK




In the previous discussion, we noted that the 8270 — mmmmm[ﬂlm
application of increased torque to a stuck engine coulc= -
free it from the stuck configuration. Now we address the 2 180 |-
guestion of what happens if an excessively large driving ? -
force is applied to operate the engine from the start. T(f 90 - ﬂmmu[nlm 40° phase shift
investigate this, an engine was operated with a torqu 8 nlﬁﬂl[[%/ P
three times larger than that applied in the previous(y 0 ————— ' '
experiment. 0 0.5 1 1.5 2

The excessive operating force resulted in severa Time (ms)
parasitic effects. The data in Fig. 9 show the operation @)
of the engine after 2.7 million revolutions. Because the
applied force is larger than is required to operate thea 400
engine, the engine “self-adjusts” its phase to @

compensate for the excessive applied f6t&.The 5350 | (0
phase shift of +40° is present even when the engine i ¥ | [[[[[[

first started, as expected. This phase shift results ir— ittt

significantly increased friction between the gear and the% 360 - [[

o - o : [ failed at this position
hub on which it rotate3.In addition, significant and é B L

multiple fluctuations in instantaneous speed are — 340
observed in Fig. 9, with a major perturbation occurring @ i (lt

[
at ~180°. The pinion gear also comes to a complete sto© 320 —— e

m ¥
o 360 |- il luti
3.2. Experiment II: Excessive Torque o | 2.7 million revolutions uﬂmmmﬂ[
il

eventually failed
at this position

[l
v

each revolution for a full 565 at 386° (or equivalently, 15 1.6 1.7 1.8 1.9 2
26°). Interestingly, the engine failed shortly after this Time (ms)

data set was acquired by firmly lodging at this sticking (b)

position.

) ; ; ; Fig. 9. a) Increasing the force applied between the gear and
. The fine structure ob§erved 'r_] the data, in Fig. 9hub beyond what is minimally required to operate it results a
indicates that the local microscopic properties of thejo° phase shift between the gear and drive signal and

rubbing surfaces vary with position as the gear rotatesmelgnaturte failure (due to the t:evfel_?pm)ent Oga Stngin% POitnﬁ-
At R Ine structure (precursors 1o fallure) Is observed wnen the

The extreme variations in instantaneous angula}r spe_ég%lta in (a) are plotted on an expanded scale.

(slope of the data) result from the complex relationship

between the applied actuator force and the slip-stic 2 um), and in some cases have large radii (up to

behavior of sliding surfaces. Independent of the actu Hm), 9 P

. . N 0Qum), very slight stress in the polysilicon can
force history resulting from the drive signal voltages, the .
Istory resuting Ve signal voltag occasionally cause the gear to bow and the teeth to not

evidence suggests that microscopic asperities occurrinr%eSh roperly. Even with perfectly planar polvsilicon
on the rubbing surfaces are what ultimately lead to property. P y P poly '

increased sticking, and ultimately to failure. Non—idealSllght tolerances between the gear and hub can allow

drive forces simply have the effect of accelerating themlsahgnment. This alignment issue s - effectively

degradation process in localized regions. mitigated by using clips as shown in Figs. 2 and 3 to
hold the gears in proper alignment.

3.3. Ways Devices Dolot Fail Load Gearsin some cases (e.g. when a 1mm

diameter load gear is slightly bowed), friction between

'The opergﬂon .Of hundreds of engines of Varou§e joad gear and alignment clips can impact their
designs operating either alone or driving loads such aSperation Mitigation of this issue has been

torque convertors, linear racks, optical shutters, etc. h emonstrated by using reduced stress poly, and by the
been observed. We briefly summarize our observationBroper design and placement of alignment cI,ips

" Segéglrc'?éi?ﬁzeib case have meshing gear teeth The presence of load gears (such as an optical
" shutter or torque convertor) typically does not adversel
been observed to break or shear off. The only issu d ) typically y

regarding meshing gear teeth is ensuring that theg;‘npaCt the lifetime of the engine driving it. When

. \v alianed. Si th thi roperly operated with model-based drive signals,
remain properly aligned. since the gears are very tifh, qiidual load gears and gear trains have been operated



well in excess of 100 000 rpm, and individual gearrubbing (frictional) forces, typically originating from
systems have accrued nearly a million start/stop cyclesthe actuation mechanism (comb drive). The rate at

Gear HubsIn no case have gear hubs beenwhich any given engine degrades to the failure point of
observed to mechanically fail by breaking. The onlysticking varies by many orders of magnitude, and
issue associated with hubs pertains to friction andlepends on the applied forces and apparently the
sticking points as discussed earlier. microscopic nature of the rubbing surfaces.

Pin JointsPin joints that connect linkages do not Fortunately, many parasitic forces can be mitigated
typically fail by breaking or shearing. The only caseby design modifications (increase the gap at the end of
where a pin joint has been observed to fail by shearinthe comb fingers), and by taking the necessary
was when the polysilicon was severely over-etched imprecautions to apply proper drive signals (use properly
processing splits by surface roughening treatments sudalibrated model-based drive signals). However, even
as ammonium hydroxide. The pin joint connecting thewith these mitigating precautions, the existence of
drive linkage to the engine output gear can occasionallyarying or unknown loads make the open loop operation
be caused to seize up by the application of excessivef rotating microsystems systems challenging. The drive
forces resulting from improper power up and powerforces will not be precisely balanced with the load, and
down during operation exceeding 200 000 rpm. This igarasitic frictional forces between rubbing surfaces will
not an issue for most applications. result.

Linkages/Flex Jointkinkage arms connecting the In addition to improved device and drive signal
comb drives to the pinion gear have not been observedksigns, there are several additional solutions to the
to fail. Flex joints have not been observed to brealchallenge of further increasing the lifetime and
except when, as a result of processing experiments, thegliability of rotating MEMS devices experiencing
were etched to a width considerably less than a micronsliding friction. One solution is to chemically or

Comb Drive Support SpringSomb drive support physically modify the rubbing surfaces to reduce
springs have not been observed to wear out or break dfiéction and wear (i.e. time-dependent physical
to fatigue. changes). Coupling agents have been investigated for

Other Aspects of Comb Drive€omb drive  this purposé? Another solution is to implement some
actuators (not connected to a load) have not beefpe of real-time position measurement capability to
observed to wear out or break due to fatigue. Excessivenaple closed loop control of the system. This may be
voltages can cause the moving shuttle to come intggne using an integrated CMOS/MEMS technology,
contact with other surfaces, where it may stick.such as those created at the University of California’s

Obviously, particles can interfere with the properBerkeley Sensors and Actuators Cehfeat Analog

operation of MEMS devices. . 1a ] ]
Devices'4and at Sandia National Laboratories.
4. DISCUSSION Prgpursors to fz_:tilure are evid_ent from s.ubtletigs in
) ) ) the position versus time data obtained early in the life of
~ Itis evident from these and other experiments thafe gevices, as observed in Figs. 7 and 9. Sites where
microengine systems fabricated with the SUMMIT g, reme variations in angular speed occur, whether they
process are extremely robust devices. Their operatiogye e to significant fluctuations in applied forces (Fig.
does not appear to be limited by materials issues such 8¢, 1 spatial fluctuations in the microscopic properties
fracture 'strength.or material fatigue. Gear teeth do nog rubbing surfaces (Fig. 9), are the sites where failure
bregk. Linkage pins do not shear. Hybs do not fracturgy.c,rs due to eventual sticking. Such sites may be
Springs do not break. Many engines have accrueflgiected early in the life of rotating systems, along with

hundreds of millions of revolutions before failing, wWith i\air variation with time as the system progresses to
the record being 3 200 000 000 (3.2 billion) revolutions 4y re | It may be that additional investigation into these

(If you could drive to the moon, after two round trips the,recyrsors will further our understanding of the basic
engine of your car would have accrued ~3.2 billionmcroscopic nature of the failure process, will further

revolutions.) the development of quantitative yield and reliability

~ The observed time-dependent routes to failurg,gqels and will result in methods to further enhance
involve changes that occur in rubbing surfaces. Rotatingatime.

devices typically exhibit intermittent sticking of rubbing
surfaces, with the frequency of sticking increasing until 5. SUMMARY
the engine pinion gear no longer exhibits complete
rotation, and finally ceases to move at a sticking
position. These changes are accelerated by excessift

Experiments have been performed on a wide range
rotating surface micromachined devices that



experience sliding friction to identify routes to failure. 6.
Conventional failure modes such as fatigue induced
fracture did not occur, indicating that the devices are
mechanically extremely robust. The generic route to
failure observed for all rotating devices involves sticking
of structures that are in sliding contact. This sticking7.
evidently results from microscopic changes in the
sliding surfaces. The rate at which these changes occur
is accelerated by excessive applied forces, which may
originate from non-optimized device designs or8.
inappropriate  drive voltages. The existence of
measurable precursors to failure should facilitate further
understanding and mitigation of the failure process, a8.
well as the development of appropriate reliability
models and screening methods.
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